Abstract Acetylcholinesterase (AChE) generally known to be sensitive toward insecticides but its sensitivity toward heavy metals was least reported. Herein, a sensitive assay for heavy metals has been pursued using AChE in a rapid and economic manner. The AChE from a mudskipper, Periophthalmodon schlosseri has been found to be sensitive toward copper [ mercury [ chromium [ and arsenic ions at the sub parts per million levels. Field trial works showed that the assay was applicable in detecting heavy metals pollution from effluents of industrial sites at near real time and verified using ICP-OES and Flow Injection Mercury System (FIMS 400). Furthermore, hierarchical cluster analyses of inhibition profiles were performed, revealing a comparable capability of the AChE compared to the gold standard of Microtox™ method.
Introduction
Heavy metal ions such as copper (II), mercury (II), chromium (VI), and arsenic (V) ions from industrial waste are harmful for organisms especially when they reach tolerance concentrations. They are non-biodegradable and will accumulate in the human body as they go up the food chain. Detection for early warning system for these pollutants is essentially required, but the cost of instrumental analysis has impeded widespread monitoring. Some developed areas have suffered late discovery of serious water contamination that was rooted since early developing period. Thus, a rapid, robust, and practical (for field trial) method must be developed to constantly monitor the level of heavy metal contamination in the environment.
Inhibitive determination of heavy metals using enzymatic assay is an emerging technology to report scarce amount of heavy metal pollution in water, soil, and air. Enzymatic assays are usually rapid, able to detect bioavailable metal ions, and do not require highly trained personnel or sophisticated machine. They are amenable to field trial works and can be completed in 20 min at normal condition (Jung et al. 1995) . So far, enzymes that have been used for inhibitive assay to detect trace amount of heavy metals include glucose oxidase (Malitesta and Guascito 2005) , invertase, peroxidase, glucose oxidase, urease (Amine et al. 2006; Zaborska et al. 2004) , and proteases like bromelain, trypsin, and papain (Shukor et al. 2006 (Shukor et al. , 2008 ). However, newer sources of more sensitive enzymes are needed. It has been known that fish are especially sensitive to toxicants, and the use of fish for bioassay of a variety of toxicants has been reported both in vitro (Nwani et al. 2010; Saravanan et al. 2010 ) and in vivo (Sarah et al. 2013) .
The use of acetylcholinesterase (AChE) from fish as an inhibitive enzyme assay for insecticides was well documented (Villatte et al. 1998; Silva Filho et al. 2004) . Hernández-Moreno et al. (2010) studied early inhibitive response of AChE, along with other brain proteins as appropriate aquatic biomarkers for pesticide biomonitoring. Nevertheless, AChE utilization for the detection of heavy metals was less reported. It has been shown that heavy metals, at some concentration, interrupt function of vital enzyme like AChE in vitro (Aidil et al. 2013) , including in fish (Bocquene et al. 1990; Frasco et al. 2008; Olson and Christensen 1980 ). However, the sensitivity level was not adequate for biomonitoring works. AChE are especially attractive to the development of near real-time inhibitive assay of toxicants as the whole assay can be completed in less than 20 min and can be carried out in a microplate format. The challenge is to isolate cholinesterase source with broad ambient pH optimal and sensitive to heavy metals. Periophthalmodon schlosseri was found in intertidal mudflat areas and its uses as a potential bioindicator organism for heavy metals have been proposed (Ikram et al. 2010 ). An in vitro study on the effect of heavy metals to the AChE of this fish shows promising results. The AChE is sensitive to copper, chromium, mercury, and arsenic at the sub parts per million (ppm) level. This sensitivity level could be used for the detection of heavy metals especially in the environment and could be used together with other bioassays as a preliminary screening method for heavy metals. In this work, a field trial work was carried out and the assay showed a good agreement with instrumental method in detecting heavy metals in the polluted areas.
Materials and methods

Chemicals
For the preparation of heavy metal ion solutions; silver (Ag 2+ ), arsenic (As 5+ ), cadmium (Cd 2+ ), chromium (Cr 6+ ), copper (Cu 2+ ), mercury (Hg 2+ ), lead (Pb 2+ ), and zinc (Zn 2+ ) were prepared from the atomic absorption spectrometry standard solutions provided by MERCK company (Merck, Darmstadt, Germany). Working solutions at the concentrations of 10, 5, 2.5, 1.0, and 0.5 mg/l were prepared by diluting them in deionized water and all of them were stored in acid-washed polypropylene containers. These solutions were freshly prepared before used. β-mercapto-ethanol and 5´-dithio-bis (2-nitrobenzoic acid) (DTNB) and Acetylthiocholine iodide (ATC) were acquired from Fluka Chemie GmbH.
Preparation of brain AChE extracts
Periophthalmodon schlosseri were acquired from the Malaysia National Park, Kuala Atok, Pahang, Malaysia. The fish were brought alive to the laboratory and selected (according to apparent health condition) for the experiment. After decapitation, fish brain was dissected out and weighed. Then, an Ultra-Turrax T25 homogenizer fitted with a Teflon pestle was utilized to homogenize the brain. One gram of brain was taken to homogenize using 100 mM sodium phosphate buffer (pH 8.0) in the concentration of 20 % (w/v). Then, centrifugation process (15,0009g, 4°C, 10 min) was done to remove unbroken tissues. Subsequently, ultracentrifugation process (100,0009g, 4°C, 1 h.) was done, and the supernatant was taken to the purification process using affinity chromatography.
Purification of acetylcholinesterase
Acetylcholinesterase was partially purified using procainamide affinity chromatography (Hoz et al. 1986 ). After packed in a glass column (1.6 cm 9 20 cm) (Amersham) to a bed height of 3 cm, the column matrix was washed five times using buffer A (20 mM sodium phosphate buffer, pH 7.5) to equilibrate and clean the column. Crude extract (10 mg) was poured onto the affinity matrix, followed by washing process using 500 ml of buffer A. The flow rate of the column was set to be 0.2 ml min −1 . To elute the AChE, a linear gradient of 1 M NaCl in buffer A was exploited with a total volume of 100 ml. From that, 1 ml fractions were collected and used for enzymatic activity assay and protein amount determination. Fractions that exhibit high activity were then pooled and dialyzed (2,500 rpm, 4°C, viva spin tubes) with three batch volumes of washing buffer A. Then, the partially purified AChE was kept at −20°C.
AChE enzymatic activity measurement
Acetylcholinesterase enzymatic activity was measured using the method developed by Ellman et al. (1961) . The activity was calculated on the basis of an extinction coefficient of 13.6 mM −1 cm −1 , in which one unit of activity is defined as 1 μmole of enzyme substrate (acetylthiocholine iodide, ATC) being hydrolyzed in 1 min. The reaction mixture was composed of enzyme (10 l), DTNB (20 l, 0.067 mM), and carbamate (50 l), mixed in 150 l of potassium phosphate buffer (0.1 M, pH 8.0), and mounted into a 96-well microplate. The mixture was incubated in the dark for a while (5 min, room temperature).
Subsequently, 20 l of ATC (0.5 mM) was then added. Again, the mixture was incubated but for 10 min at room temperature before reading the absorbance at 405 nm. Experiment was conducted in triplicates. IC 50 of heavy metals was determined using a radioactive decay model (Tham et al. 2009 ) on Graphpad PRISM 4 for non-linear regression analysis software available at the internet (www. graphpad.com).
Field trials
Surface water and sediment samples were acquired from industrial outlets that released heavy metal products such as galvanized metal factories and heavy industrial estate. The locations were selected expecting positive results of enzyme inhibitory effect by heavy metals. Surface water samples and sediments near the galvanized metal factories were chosen, as they were more susceptible to concentrated level of heavy metals (Drȃghici et al. 2007 ). For flowing river or water column, heavy metals were assumed to be in a homogenous distribution as simulated by Pintilie et al. (2007) . For comparison, samples from several pristine areas such as forest reserve and recreational jungle areas were also collected. Water samples were collected in acidwashed high-density polyethylene (HDPE) bottles filtered with 0.45 μm syringe filter. A few drops of 50 mM phosphate buffer pH 6.5 were needed for highly acidic (\pH 4.0) and alkaline ([pH 9.0) samples. These samples were immediately assayed for the presence of heavy metals using the inhibitive assay as described above with a portable spectrophotometer (Axiom, Germany). The determination of heavy metals in the samples was carried out using Atomic Emission Spectrometry on a Perkin Elmer ICP-OES (Optima 3700DV, Perkin-Elmer, USA) and a Perkin Elmer Flow Injection Mercury System (FIMS 400). All experiments were performed in triplicate.
Data and statistical analysis
The percent inhibition was computed according to the following formula (Eq. 1):
Values shown are mean ± standard deviation. Graphpad Prism version 3.0 was used to analyze all data. Comparison between groups was obtained by a one-way analysis of variance (ANOVA) with post hoc analysis by Tukey's test, or using a Student's t test. A P value of \0.05 was considered statistically significant.
Hierarchical cluster analysis was plotted by means of Euclidean and Cosine distance via self-programmed Mathematica 9.0 software (Wolfram). Experimented IC 50 data of ionic Hg, Cu and Cr, and various IC 50 data collected from literatures were used.
Results and discussion
Heavy metals are toxic element that caused toxicity to organism (Viarengo 1989) . At 1 ppm concentration, as shown in Fig. 1 , copper and chromium severely affected AChE activity by 82 and 77 %, respectively. Mercury and arsenic mildly inhibited the enzyme activity by 46 and 40 %, respectively. Other heavy metals (silver, cadmium, lead, and zinc) did not show more than 10 % inhibition to the enzyme. In a study Ikram et al. (2010) reported fairly concentrated amounts of cadmium, lead, and zinc were found in a Periophthalmodon schlosseri, which survived in a heavy metal-polluted river. When tested at various concentrations (0.05-10 ppm), the heavy metals exhibited exponential decay type inhibition curves. Heavy metals exhibited exponential decay type inhibition curves with calculated IC 50 in the order of copper \ chromium \arsenic\and mercury ions at 0.088, 0.112, 0.141, and 0.371 mg/l, respectively. The confidence interval for each metal is shown in Table 1 .
Field trial
Urbanization in peninsular Malaysia started from Penang state and Melacca state (and Singapore) as a consequence Fig. 2 ) began to urbanize with population more than 150,000. Since then, modern industries such as metal-plating, metal-based components manufacturing, silicon/semi conductor work, and other medium and heavy industries had driven the populations growth. As an important consequence, nearby water basins like Klang River and Juru River (Zali et al. 2011) , soil, and atmosphere are either moderately or heavily polluted mainly from these industrial wastes. We selected some significant places, particularly at the west coast of the peninsular near urbanized area to test the use of AChE from Periophthalmodon schlosseri as heavy metals detection method. The field trial result (Table 2) shows that samples from galvanized metal factory (GMF) and heavily progressed industrial sites-Prai Industrial Estate and Bukit Tengah Industrial Estate, both in Penang-exhibit complete abolishment of enzyme activity. These sites harbor toxic metal ions several times above the Maximum Permissible Limit (MPL) allowed by the Malaysia Department of Environment (DOE) when validated with ICP-OES. For example in Juru River, a river flow through BTIE area is progressively deposited with heavy metals because of urbanized surroundings (Lim and Kiu 1995 9.3´, E101°42.7´. In contrast, samples from pristine areas (SURJ and UBRJ) including tap water are free from heavy metals. Samples water from major rivers, Perak and Melaka rivers, which are classified as class II and class III rivers, respectively, are almost free of heavy metals. Currently, rivers with levels of heavy metals above the MPL are automatically assigned as a class V river, indicating severe pollution. Unfortunately, the detection of heavy metals in the 180 river basins are not done routinely due to the high costs of monitoring and studies from several workers (Anh et al. 2011; Jamaludin and Mahmood 2010; Shukor et al. 2006) showed a worrying trend of heavy metals pollution over the years. Many rivers currently classified as pristine or slightly polluted (classes II and III) have to be revised if the concentrations of heavy metals in them are detected. Due to this, biomonitoring of heavy metals using simple and rapid assays are urgently needed. Biomonitoring allows only positive sample that shows enzyme activity inhibition to be sent for instrumental validation. Hence, the costs of monitoring would be dramatically reduced. Looking at the MPL level reported in the DOE Environmental Quality Report (EQR), several heavy metals such as cooper, chromium, and arsenic could be detected at IC 50 level. Mercury, however, could only be detected at around LOD level (0.0075 mg/l) of the developed assay. Generally, an assay is considered good if the IC 50 of heavy metals are within the MPL level for Class III (DOE) or acceptable if the MPL values are within the LOQ level, while at LOD level it is considered poor. Although the assay is blind to the type of heavy metals in the waters, heavy metals are rarely present as a single elemental contaminant but they exist as a multi-elemental contamination (Witeska and Jazierska 2003) . Hence, the cumulative toxicity of heavy metals are more important as they will register an inhibition to the assay and deemed fit to be sent for instrumental validation. The IC 50 values are usually used to benchmark bioassays.
The results showed that fish AChE can be used for field trial detection of heavy metals. Fish and aquatic organisms due to their aquatic environment are sensitive to toxicant such as heavy metals. For instance, heavy metals like copper, cadmium, chromium, and mercury have been shown to be very high in toxic when react to Mytilus galloprovincialis, Perna perna (Najimi et al. 1997) , Gambusia affinis (Begum et al. 2006) , and Pomatoschistus microps (Vieira et al. 2009 ), respectively. Metal ions inhibit enzymes because they could form ligands with amino and carbonyl groups, serine, threonine, tyrosine (hydroxyl groups), tryptophan (ring nitrogen), methionine (thioether), cysteine (thiol), asparagine, and glutamine groups of protein (Glusker et al. 1999) . In addition, the metal ion mercury could disrupt cysteine bridges, which lead to protein denaturation (Frasco et al. 2008) .
We evaluated inhibition profile based on the IC 50 values for the tested heavy metals. Comparison was made between AChE from Periophthalmodon schlosseri, AChE from Pangasius Hypophthalmus, Urease assays (free enzyme and immobilized enzyme), and standard methods of Microtox™, Daphnia Magna, and Rainbow Trout assays. Data were first analyzed using hierarchical cluster analysis by means of Euclidean distance, clustering scattered data in a highdimensional Euclidean space (Fig. 3a) . Furthermore, when analyzed using Cosine distance (d c ), in which angle between unit vectors was counted rather than differences in magnitudes, both free and immobilized urease were placed in the same cluster with high similarity (Fig. 3b) . The Cosine distance between free and immobilized urease was calculated to be 0.00001 (Fig. 3b, inset) . Rainbow Trout assay was clustered with the ureases, and AChE from Pangasius Hypophthalmus was found to be comparably close to a Daphnia Magna assay (d c = 0.0009). A notable difference was found with the tested AChE from Periophthalmodon schlosseri compared to the AChE from Pangasius Hypophthalmus (d c = 0.625), suggesting a distinctive mode of inhibitory action. AChE from Periophthalmodon schlosseri was again assigned in the same cluster with the Microtox™ assay (d c = 0.0015). These results postulate a comparable capability of AChE from Periophthalmodon schlosseri compared to the gold standard Microtox™ method, and thus the tested AChE is applicable to be used as a rapid tool in determining heavy metal pollution.
Conclusions
In conclusion, AChE from Periophthalmodon schlosseri has been shown to be sensitive to heavy metals, especially Fig. 3 Hierarchical cluster analyses of inhibition profiles in detecting heavy metals using Euclidean distance (a) and Cosine distance (b). Immo. Ure., Free Ure., Rainbow Tt., Daphnia M., Microtox, Pangasius Hp., and Perioph. Sc. indicate inhibitive assays using immobilized urease, free urease, Rainbow Trout, Daphnia Magna, Microtox™, AChE from Pangasius Hypophthalmus, and AChE from Periophthalmodon schlosseri, respectively. IC 50 data were taken from Aidil et al. (2013) , Jung et al. (1995) , and Hsieh et al. (2004) Cu 2+ , with LOD values that can be used for biomonitoring works. Due to the limited information regarding the use of AChE as a biomonitoring assay for heavy metals, this work will add new data and information that is useful for future biomonitoring studies using enzymes. Currently, we are carrying out field trial works to assess the efficacy of the assay to detect heavy metals in comparison with instrumental techniques.
